Tissue imaging by mass spectrometry (MS) is proving useful in areas such as detecting tumor margins, determining sites of high drug uptake, and mapping signaling molecules in brain tissue ([@B1][@B2][@B3][@B4][@B5][@B6][@B7]--[@B8]). Imaging using secondary ion mass spectrometry is well established but is only marginally useful with intact molecular mass measurements from biological tissue ([@B9][@B10]--[@B11]). Matrix-assisted laser desorption/ionization (MALDI)-MS operating under vacuum conditions has been used for tissue imaging with success, especially for abundant components such as membrane lipids, drug metabolites, and proteins ([@B12][@B13]--[@B14]). Spatial resolution of ∼20 μm has been achieved ([@B15]), and the MALDI-MS method has been applied in an attempt to shed light on Parkinson disease ([@B16], [@B17]), muscular dystrophy ([@B18]), obesity, and cancer ([@B12], [@B19]).

Unfortunately, there are disadvantages in using vacuum-based MS for tissue imaging in relation to analysis of unadulterated tissue. Also, the mass spectrometers used in these studies frequently have much lower mass resolution and mass accuracy than are available with atmospheric pressure ionization (API)[^1^](#G1){ref-type="fn"} instruments and are not as widely available. Because the vacuum ionization methods produce singly charged ions, mass-selected fragmentation methods provide only limited information, especially for proteins. In addition, no advanced fragmentation such as electron transfer dissociation (ETD) ([@B20][@B21]--[@B22]) is available for confident protein confirmation or identification. Atmospheric pressure (AP) MALDI can be coupled to high performance mass spectrometers but suffers from sensitivity issues for tissue imaging where high spatial resolution is desired ([@B23]). AP MALDI also primarily produces singly charged ions ([@B24], [@B25]). Thus, mass and cross-section analysis of intact proteins has yet to be accomplished using AP MALDI because of intrinsic mass range limitations of API instruments, which frequently have a mass-to-charge (*m/z*) limit of \<4000. Thus, new improved methods of mass-specific tissue imaging, especially at AP, are needed.

The potential of laserspray ionization (LSI) ([Scheme 1](#S1){ref-type="scheme"}) ([@B26][@B27][@B28][@B29][@B30][@B31][@B32]--[@B33]) for protein tissue analysis is reported here. LSI has advantages relative to other MS-based methods, including speed of analysis, laser ablation of small volumes, more relevant AP conditions, extended mass range and improved fragmentation through multiple charging, and the ability to obtain cross-section data for proteins on appropriate instrumentation. The applicability of LSI for high mass compounds on high performance API mass spectrometers (Orbitrap Exactive and SYNAPT G2) has been demonstrated producing ESI-like multiply protonated ions ([@B26][@B27]--[@B28]). The first experiments showing sequence analysis by ETD using the LSI method were successfully carried out on a Thermo Fisher Scientific (San Jose, CA) LTQ-ETD mass spectrometer ([@B26]). Nearly complete sequence coverage was obtained for ubiquitin, an important regulatory protein. Applying ETD fragmentation to LSI-MS analyses potentially provides a new method for studying biological processes, including the mapping of phosphorylation, glycosylation, and ubiquitination sites from intact proteins and directly from tissue.

![**Overview of LSI-MS operated in transmission geometry.**](zjw001113747s001){#S1}

Furthermore, unlike ESI and related ESI-based methods such as desorption-ESI ([@B34]), the LSI method has been shown to allow analysis of lipids in tissue from ablated areas \<80 μm ([@B30]). In comparison with literature reports for AP MALDI at the same stage of development ([@B35]), LSI is more than an order of magnitude more sensitive and is capable of analyzing proteins on high resolution mass spectrometers as was demonstrated by obtaining full-acquisition mass spectra at 100,000 mass resolution (FWHH, *m/z* 200) after application of only 20 fmol of bovine pancreas insulin in the matrix 2,5-dihydroxyacetophenone (2,5-DHAP) onto a glass microscope slide ([@B33]). The analysis speed of LSI was demonstrated by obtaining mass spectra of five samples in 8 s ([@B32]). Here, we show the utility of LSI for intact peptide and protein analyses directly from mouse brain tissue. The ability to obtain a protein mass spectrum directly from mouse brain tissue in a single laser shot at 100,000 mass resolution and with ETD fragmentation is demonstrated.

EXPERIMENTAL PROCEDURES
=======================

### 

#### Materials

The matrixes 98% 2,5-dihydroxybenzoic acid (2,5-DHB), 99.5% 2,5-DHAP, and 99% sinapinic acid (SA) were purchased from Sigma-Aldrich. The solvents acetonitrile (ACN), trifluoroacetic acid (TFA), and ethanol (EtOH) were purchased from Fisher Scientific Inc. Purified water was used (Millipore, Billerica, MA). The plain microscopy glass slides (76.2 × 25.4 × 1 mm in dimensions) were obtained from Gold Seal Products (Portsmouth, NH). Indium-tin oxide-coated conductive glass slides for imaging experiments were a gift from Bruker (Billerica, MA).

#### Mouse Brain Tissue

C57 Bl/6 mice (20 weeks old) were euthanized with CO~2~ gas and transcardially perfused with ice-cold 1× phosphate-buffered saline (150 m[m]{.smallcaps} NaCl, 100 m[m]{.smallcaps} NaH~2~PO4, pH 7.4) for 5 min to remove red blood cells. The brains were frozen at −22 °C and sliced into 10-μm sections in sequence using a Leica CM1850 cryostat (Leica Microsystems Inc., Bannockburn, IL). The tissue sections were placed onto prechilled microscopy glass slides (plain or gold-coated) that were briefly warmed with the finger from behind to allow sections to relax and attach. Care was taken to avoid water condensation by storing (at −20 °C) and transporting (under dry ice) the tissue-mounted glass slides in an airtight box containing desiccant until use.

#### Analysis of Aged and Fresh Tissue Samples

The mouse brain tissue sections used in this study were shipped in dry ice before being delipified and then again shipped overnight in dry ice. The aged, delipified tissue sample was stored for approximately 2 months at −5 °C. The delipification was initially obtained on the aged tissue sample and verified by MALDI-time-of-flight (TOF)-MS analysis. The optimized delipification conditions were used for further study comparing results obtained from MALDI- and LSI-MS analysis.

A second set of mouse brain tissue samples were cut, frozen, and immediately shipped overnight. Each microscopy glass slide, plain and gold-coated, was mounted with four to five tissue sections. On receipt of the frozen samples, delipification of the tissue on glass slides was performed as described below, and again the samples were immediately frozen and shipped overnight for prompt LSI-MS analysis on an Orbitrap Exactive (Thermo Fisher Scientific) mass spectrometer. These samples were again frozen and shipped overnight for microscopy and subsequent MALDI-MS and LSI LTQ Velos analysis.

#### Delipification of Tissue

The lipids in the tissue sections were removed according to a published procedure ([@B36]). Briefly, the glass slide mounted with tissue was dried in the desiccator before washing twice with ethanol. In the first wash, the glass slide with the mounted tissue was immersed in a glass Petri dish filled with 70% EtOH, swirled for 30 s, and removed carefully. The glass slide was then tilted to remove the solvent for about 10 s and immediately washed with 95% EtOH in another Petri dish for an additional 30 s. After the second wash, the glass slide was allowed to dry in the desiccator for 20 min prior to analysis or stored at approximately −20 °C until use or shipment under dry ice.

#### LSI-MS of Mouse Brain Tissue

As reported previously ([@B26], [@B27], [@B30]), LSI on either the Orbitrap Exactive or LTQ Velos mass spectrometer involved removal of the Ion Max source and overriding the interlocks or removing the front and side windows to allow laser and sample access to the ion entrance orifice. Briefly, the laser beam (337 nm; Newport Corp. VSL-337ND-S) was aligned (180°) with the ion entrance orifice of the mass spectrometer ([Scheme 1](#S1){ref-type="scheme"}) and focused using a 120-mm-focal length lens (Orbitrap Exactive) and 102- and 292-mm-focal length lenses from CVI Melles Griot, Albuquerque, NM for the Thermo Fisher Scientific LTQ Velos instrument. The glass microscope slide mounted with mouse brain tissue was prepared with the LSI matrix (2,5-DHB, 5 mg ml^−1^; or 2,5-DHAP, saturated solution) dissolved in 50:50 ACN:water by placing a number of 0.2-μl drops on top of the tissue material and allowing them to air dry. After solvent evaporation, the glass slide containing LSI matrix applied to mouse brain tissue was placed 2--3 mm in front of the mass spectrometer ion transfer tube entrance and was moved manually through the laser beam, which was aligned 180° relative to the ion entrance orifice (transmission geometry). The AP to vacuum ion transfer capillary was heated to 375 °C for 2,5-DHB and 300 °C for 2,5-DHAP, and the laser fluence per pulse was about 0.5--1 J cm^−2^. Multiply charged ions were observed in the absence of an electric field in the ion source region. Both plain and gold-coated glass slides were used.

#### High Resolution Orbitrap Instrument

Positive ion mass spectral acquisition was set for 1 s giving 100,000 mass resolution, and the maximum injection time was set at 100 ms. The laser was fired at ∼4--6 Hz during acquisition while the tissue covered with matrix above or below the tissue using solvent-based or solvent-free procedures (14, 30) was constantly moved through the laser beam except for experiments in which mass spectra from single laser shots were acquired by firing the laser at less than 1 Hz.

#### LTQ-ETD Instrument

LSI-MS and -MS/MS were performed on an LTQ Velos instrument with ETD capabilities. Full MS was obtained in positive ion mode for 1 min. A mixture of ultrapure helium and nitrogen (25% helium and 75% nitrogen; purity, \>99.995%) was used as the reaction gas to perform the ETD experiments. The reaction time was set at 120 ms using an isolation width of 3 amu. The activation time ranged from 25 to 50 ms for the precursor ions 917.5 (2+), 1491 (12+), and 1789 (10+). A supplemental activation of 20 V was used for the 2+ precursor ion. A single 0.33-s acquisition was selected to obtain the ETD fragment ion mass spectra for peptide identification; the total ETD acquisition time was set for 1 min.

#### LSI Tissue Imaging

Mouse brain tissue mounted on a glass microscope slide and coated with a saturated solution of 2,5-DHAP in 1:1 ACN/H~2~O using 0.2-μl drops was controllably moved through the laser beam with ablation in transmission geometry, as described above, using an eTrack series xy-stage (Newmark Systems, Mission Viejo, CA). Lanes were at 100-μm intervals, and each lane was 10 mm long from which 22 s of data were acquired. For these studies, three mass spectral acquisitions were obtained per second with the laser operating at ∼12 Hz. The ablated diameter for each laser shot was ∼15 μm (neglecting the stray beam commonly observed), which converts to an area of about 4(15) × 15 μm^2^ ablated per MS acquisition.

#### MALDI-MS of Mouse Brain Tissue

A MALDI-TOF Bruker Ultraflex mass spectrometer (Bruker, Bremen, Germany) equipped with a nitrogen laser (337 nm) was used to monitor the success of the tissue delipification and for comparison with LSI results. The MALDI sample preparation was performed according to published work ([@B36]). After washing the tissue and drying in the desiccator, the tissue was spotted with 0.2 μl of either SA matrix dissolved in 50:50 ACN:water in 0.1% TFA or 2,5-DHAP in 50:50 ACN:water. The mass spectrum was acquired using the linear positive ion mode with an accelerating voltage of 20.16 kV, extraction voltage of 18.48 kV, lens voltage of 7.06 kV, and pulsed ion extraction of 360 ns. Delayed extraction parameters were optimized to have the optimal resolution and sensitivity for the MALDI range was 12-kDa. An increment of 30 laser shots was used, and shots were positioned and moved within a single matrix spot to obtain a mass spectrum having a total of 120 laser shots. The mass spectrum was processed and base line-corrected using the Flex Analysis software. Both plain and gold-coated microscopy slides were used; only gold-coated microscopy slides are expected to provide the correct mass calibration.

#### Data Analysis

MASCOT Distiller version 2.3.2.0 (Matrix Science, London, UK) ([@B37]) was used to interpret ETD mass spectra for peptide and protein identification obtained from the LTQ-ETD Velos. The Mass Spectrometry protein sequence DataBase (MSDB) was searched using the no enzyme setting to obtain the sequence analyses directly from mouse tissue. Parameters were set to include acetylation, deamination, oxidation, methylation, and phosphorylation. The peptide and protein masses had to be within the mass tolerance characteristic of the mass spectrometer used for data acquisition. Searches within 1-Da mass error were performed, but to consider a peptide as well matched, it had to be within \<5 ppm of the mass obtained from the Orbitrap Exactive.

#### Microscopy Measurement

Optical microscopy (Nikon Eclipse LV100) was performed to obtain qualitative information on the spatial area of matrix/tissue ablated per laser shot after mass spectral analysis of the tissue using LSI. Various magnification conditions were used, ranging from 5× to 100×, providing detailed views to ∼1-μm resolution. Microscopy data were obtained for both the aged and fresh tissue samples from which mass spectra were acquired on both the LTQ Velos and the Orbitrap Exactive mass spectrometers.

RESULTS AND DISCUSSIONS
=======================

### 

#### Evaluation of Experimental Conditions on Aged Tissue Sample

Tissue fixation or washing with solvents to extract lipids enhances the signal quality of peptides and proteins and slows enzymatic processes, thus extending the useful life prior to analysis ([@B38]). The washing solvent was selected based on previously reported studies ([@B36], [@B39]) as well as from results we obtained from MALDI-MS analyses of tissue extracted with recommended solvents, ethanol and isopropanol. Here, the ethanol wash was selected because it gave higher intensity protein MALDI-MS signals using SA as the matrix. The guidelines developed by Schwartz *et al.* ([@B40]) for the proper handling of tissue sections (tissue storage, sectioning, and mounting) for peptide and protein analyses were applied. The choice of matrix and its deposition onto the tissue have been shown to be important in determining the subset of proteins extracted from the tissue and detected using MALDI ([@B39]). For the MALDI analysis of the delipified mouse brain tissue, peptide and protein signals were detected using SA as matrix from *m/z* 5000 to 19,000 ([supplemental Fig. S1](http://www.mcponline.org/cgi/content/full/M110.000760/DC1)), which is within the range that Seeley *et al.* ([@B36]) presented; the mass calibration is expected to be somewhat off for results in which plain microscopy glass slides without conductive coating were used. Only a few of the proteins detected give significant signal intensity similar to previous studies ([@B12]).

Once a satisfactory procedure for handling and delipifying mouse brain tissue was established for MALDI analysis, that method was applied for LSI-MS. Using 2,5-DHB as matrix, only lipids were observed even with the delipified tissue, similar to a previous report ([@B30]). However, for the delipified tissue using 2,5-DHAP, lipids were observed in low abundance if at all, and signals for multiply charged ions having masses as high as 5--19 kDa (at ZS1) were detected. A mass spectrum obtained from the Orbitrap Exactive at 100,000 (FWHH, *m/z* 200) mass resolution by summing 15 1-s acquisitions is shown in [Fig. 1](#F1){ref-type="fig"} and represents ablation of most of the tissue covered by a 0.2-μl solution of 2,5-DHAP. Because the mass resolution of the Orbitrap Exactive provides ^13^C isotope separation even for proteins, a single ^13^C isotope distribution is all that is necessary to determine the monoisotopic protein molecular weight with high mass accuracy ([Fig. 1](#F1){ref-type="fig"}, *insets*). Ions observed just above noise, for which the monoisotopic peak cannot be reliably identified, provide a more accurate average mass than obtained with linear MALDI-TOF instruments. [Fig. 1](#F1){ref-type="fig"}*B* is the *inset* region from [Fig. 1](#F1){ref-type="fig"}*A* with the mass range displayed between *m/z* 650 and 1000. The multiply charged ions range from 3+ to 8+, representing ions having molecular masses from approximately 650 to 5000 Da. For this data set, most ions were from compounds below 10 kDa. Because of the long storage time for the aged sample, it is possible that some of the observed multiply charged ions are from post-mortem enzymatic digestion of proteins ([@B12], [@B36]). The use of gold-coated and plain microscopy glass slides provides comparable abundance LSI mass spectra of the delipified tissue. As expected, no mass shift was observed in the AP LSI results using conductive or nonconductive glass slides; matrix placed below the tissue increased the ion abundance at the expense of a larger ablated area. Experiments without the addition of the LSI matrix did not provide any useful analytical results.

![**LSI mass spectra from aged mouse brain tissue washed with ethanol and spotted with 2,5-DHAP matrix in 50:50 ACN:water using an Orbitrap Exactive mass spectrometer.** *A*, full mass spectrum with *insets* showing multiple charged protein and peptide ions. *B*, limited mass range between *m/z* 650 and 1000 is displayed with monoisotopic molecular weights of the various multiply charged ions presented. *Rel. Abund.*, relative abundance.](zjw0011137470001){#F1}

Microscopy images of the aged mouse brain tissue after LSI analysis showed a variety of ablated areas, including numerous areas where the laser beam did not appear to penetrate the tissue ([supplemental Fig. S2](http://www.mcponline.org/cgi/content/full/M110.000760/DC1)). The areas in which the tissue was completely ablated ranged in dimensions from ∼3 to 9 μm × ∼5 to 25 μm. Because the laser was fired at several hertz as the tissue was constantly moved through the laser beam, each 1-s acquisition was the sum of several laser shots. The elongated features observed in the microscopy image may be the result of multiple laser shots producing continuous ablation as the tissue was moved slowly through the beam. Holes in the tissue that appear to be from a single laser shot were typically \<30 μm^2^ ([supplemental Fig. S3](http://www.mcponline.org/cgi/content/full/M110.000760/DC1)). For the 10-μm tissue thickness used in this study, these microscopy data suggest that the tissue volume below the ablated area represents ∼300 μm^3^ for a single laser shot. However, to achieve this spatial resolution will minimally require matrix preparation methods that result in no diffusion of compounds outside the boundary area and improved mass spectral sensitivity.

#### Comparison of LSI-MS and MALDI-MS Analysis on Fresh Tissue Samples

Successful results with the aged tissue samples prompted us to examine fresh tissue sections that were maintained at or below −20 °C except for short times required for mounting the tissue to the glass slide, delipification, mass spectral analysis, and microscopy. The fresh delipified samples using 2,5-DHAP matrix and acquired on the Orbitrap Exactive showed an abundant doubly charged LSI ion at *m/z* 917.50 (molecular weight 1833.0) and numerous other multiply charged ions at higher *m/z* values ([Fig. 2](#F2){ref-type="fig"}). The highest mass protein with at least two observed charge state distributions had a molecular mass (monoisotopic) of 17,882 Da, although a single low abundance isotope distribution was observed for an ion having an average molecular mass of ∼19,665 Da. Some of the lower molecular weight proteins observed in the aged tissue sample ([Fig. 1](#F1){ref-type="fig"}) were also observed in the fresh sample but in lower abundance, whereas the higher mass proteins were significantly more abundant in the fresh tissue sample. [Supplemental Fig. S4](http://www.mcponline.org/cgi/content/full/M110.000760/DC1) shows that in a single laser shot the most abundant proteins were observed from the fresh tissue using the 100,000 mass resolution setting of the Orbitrap Exactive. The mass spectra for the single laser shot, the sum of seven laser shots, and the sum of the full acquisition for a 0.2-μl matrix deposition are shown in [supplemental Fig. S4B](http://www.mcponline.org/cgi/content/full/M110.000760/DC1). Notable differences between gold-coated ([supplemental Fig. S4](http://www.mcponline.org/cgi/content/full/M110.000760/DC1)) and plain glass slides ([Fig. 2](#F2){ref-type="fig"}) were again not observed. [Supplemental Fig. S5](http://www.mcponline.org/cgi/content/full/M110.000760/DC1) shows three isotope distributions each for multiply charge ions representing proteins having molecular masses of 9908, 11,788, and 12,369 Da (monoisotopic mass).

![**LSI-MS summed full and *inset* mass spectra of delipified fresh tissue on plain glass slide spotted with 2,5-DHAP matrix in 50:50 ACN:water showing multiple charged protein ions using Orbitrap Exactive mass spectrometer.** *Rel. Abund.*, relative abundance.](zjw0011137470002){#F2}

A fresh tissue section from the same mouse was delipified and immediately mass-measured on an LTQ Velos instrument. The multiply charged ions described above for fresh tissue were observed. The mass spectrum from summing multiple acquisitions on the tissue slice is provided in [Fig. 3](#F3){ref-type="fig"}*A*. The distribution of multiple charged ions of the protein having molecular weight 11,788, however, could be observed in a single acquisition representing one laser shot ([Fig. 3](#F3){ref-type="fig"}*B1*). Single laser shots in different areas of the mouse brain tissue gave different results. For example, [Fig. 3](#F3){ref-type="fig"}*B2*, also from a single laser shot, shows the protein at molecular weight 17,882 in lower abundance than the first protein of molecular weight 11,788, and a peptide having a molecular weight of 1833 was observed more in the center than the edges of the tissue. The ability to acquire a mass spectrum from a single laser shot using a relatively inexpensive nitrogen laser suggests the potential for high speed tissue imaging.

![**LSI-MS spectra of delipified fresh tissue on plain glass slide spotted with 2,5-DHAP matrix in 50:50 ACN:water using LTQ Velos.** *A*, sum of the full acquisition. *B1* and *B2*, single acquisitions at different tissue locations showing different protein abundances. The ions observed around *m/z* 760 are from lipids.](zjw0011137470003){#F3}

#### Potential of Tissue Imaging Using LSI

To evaluate the potential for tissue imaging using LSI, a crude experiment was performed using a glass slide with mounted mouse brain tissue that was coated with the matrix 2,5-DHAP by depositing 0.2-μl droplets of a saturated solution of 1:1 ACN:H~2~O over the tissue surface and allowed to air dry. This matrix deposition method is not suitable for tissue imaging because delocalization of compounds in the tissue and uneven matrix deposition are expected with this approach. An attempt at spray applying the matrix from solution, which is a more appropriate matrix deposition method, resulted in very low abundances of peptide and protein ions ([supplemental Fig. S6](http://www.mcponline.org/cgi/content/full/M110.000760/DC1)). Clearly, improved matrix preparation conditions for LSI imaging are needed. Nevertheless, attaching the glass microscope slide to a computer controlled xy-stage allowed a crude image of mouse brain tissue to be obtained. Mass-specific imaging for two charge states of the protein with molecular weight 11,788 and one charge state of the protein with molecular weight 12,369 is shown in [supplemental Fig. S7](http://www.mcponline.org/cgi/content/full/M110.000760/DC1). Several other peptides and proteins gave sufficient signal intensities in single acquisitions to produce crude images. Obtaining higher shot-to-shot reproducibility and increased analyte ion abundances are areas that require further research.

Microscopy images of the laser-ablated tissue after the imaging analysis are shown in [Fig. 4](#F4){ref-type="fig"}. Rows spaced at 100-μm intervals of single laser shots are readily seen. The individual laser-ablated areas in this experiment, as determined by optical microscopy, are ∼15 μm in diameter. The mass spectrum shown in [supplemental Fig. S8](http://www.mcponline.org/cgi/content/full/M110.000760/DC1) is of a single MS acquisition during which time four laser shots impacted the tissue in adjacent positions. Thus, each mass spectral acquisition was of a visibly ablated area of approximately 15 × 4 × 15 μm^2^. It is clear from these images that the laser beam frequently completely ablates the tissue and matrix producing sufficient ions to be detected. The 10-μm-thick tissue slices likely absorb a fraction of the laser energy before it is absorbed by the matrix.

![**Optical images of laser-ablated areas obtained in imaging experiment.** *A*, 20× *magnification. B*, 100× *magnification*. Arrow denotes 15 μm.](zjw0011137470004){#F4}

The LSI method introduces remarkable speed and simplicity of analysis compared with reflective geometry MALDI where frequently \>100 laser shots are summed to provide each data point in the image ([@B41], [@B42]). For tissue imaging experiments, high repetition and therefore expensive lasers are required to keep the analysis time reasonable (hours *versus* days). The ability to obtain mass spectra of proteins directly from tissue in a single or even a few summed laser shots using the LSI approach suggests the potential for using less expensive lasers to achieve comparable analysis speed relative to high repetition laser MALDI. For the crude imaging experiment reported here, the laser repetition rate was ∼12 Hz, and each lane received 89 laser shots in 22 s. With 100-μm spacing between rows, 80 rows were required to image the mouse brain tissue. Thus, actual acquisition time was only about 30 min. This work demonstrates the potential speed of this method for tissue analysis or imaging.

The ability to obtain mass spectra of proteins directly from tissue using LSI offers considerable potential in tissue analysis. However, difficulties that need to be addressed before tissue imaging becomes a reality using LSI are increased ion abundances from single acquisitions and higher shot-to-shot reproducibility. We expect reproducibility is related to uneven tissue thickness, the condition of the tissue, matrix application, and the laser flux per unit area. Just as in MALDI imaging, matrix application in LSI is a crucial step. The dried droplet method of spotting matrix that was used in the present study is inappropriate for tissue imaging studies. We are currently beginning research aimed at improving solvent-based and solvent-free matrix preparation methods for tissue imaging using LSI. Future advances also need to incorporate solvent-free gas-phase separation for efficient simplification of complexity of the produced gas-phase ions ([@B28], [@B29], [@B43]).

For comparison purposes, sequential tissue sections from the same mouse brain used for the fresh tissue studies mounted on gold-coated and plain glass slides were used for vacuum MALDI-MS analysis. One-half of each delipified tissue section was coated with 2,5-DHAP, and the other half was coated with SA applying several 0.2-μl matrix solutions. Interestingly, none of the observed molecular weights are common between LSI using 2,5-DHAP and MALDI using either 2,5-DHAP or SA. MALDI with the 2,5-DHAP matrix gave poor results, which may help explain the different proteins observed between vacuum MALDI and LSI.

#### ETD Fragmentation of Peptides Directly from Tissue

Because LSI produces ESI-like multiply charged mass spectra directly from tissue, it becomes possible to achieve ETD fragmentation of these ions. This is demonstrated for the doubly charged peptide ion that was observed at *m/z* 917.5 (molecular weight 1833) for a single ETD acquisition representing four single laser shots, each on fresh spots of the tissue obtained on the LTQ-ETD Velos mass spectrometer ([Fig. 5](#F5){ref-type="fig"}). [Table I](#TI){ref-type="table"} shows the result of the MASCOT search obtained from the single acquisition data. A MASCOT score of 73 (67 is considered to be significant) was achieved for the peptide having the sequence Ac-ASQKRPSQRSKYLATA that also is well within the 5-ppm mass tolerance for this peptide acquired on the Orbitrap Exactive. This sequence encodes for the myelin basic protein N-terminal fragment that is known to occur in mouse brain. The *labeled* masses in [Fig. 5](#F5){ref-type="fig"} are the predicted "c" and "z" fragments expected from ETD fragmentation of this peptide. The only missing sequence ions are related to the proline residue. It is clear that synergy exists between accurate mass measurement and ETD for reducing the number of hits obtained by database searching. ETD fragment ions and accurate mass measurement were also obtained for *m/z* 1491 and *m/z* 1789, which are the 12+ and 10+ charge states, respectively, for the protein of molecular weight 17,889 ([supplemental Fig. S9](http://www.mcponline.org/cgi/content/full/M110.000760/DC1)). We are in the process of attempting to identify this protein; MASCOT interpretation searches currently only permit charge states up to 8+. These first results demonstrate the potential of LSI for protein identification directly from tissue and are a significant advance over current methods in which the identity of the ions observed are made only from an approximate average mass value of the proteins known to be in the tissue.

![**LSI-ETD single scan acquisition mass spectrum at precursor ion 917.5 (2+) of delipified fresh tissue on plain glass slide spotted with 2,5-DHAP matrix in 50:50 ACN:water using LTQ Velos.**](zjw0011137470005){#F5}

###### LSI-ETD MASCOT scores for m/z 917.5

The Delta value is the difference between the calculated mass for the sequence shown and the accurate mass measurement obtained from the Orbitrap at 100,000 mass resolution. Only sequences with a Delta \< 0.005 were within the mass tolerance of the mass.

  Score   *M*~r~ (calculated)   Delta     Sequence
  ------- --------------------- --------- ------------------
  73.1    1832.9856             −0.0002   ASQKRPSQRSKYLATA
  65.1    1832.9856             −0.0002   ASQKRPSQRSKYLATA
  41.0    1832.7539             0.2315    ADLTSCSSLKEEVYH
  41.0    1832.7539             0.2315    ADLTSCSSLKEEVYH
  40.5    1832.8686             0.1168    ADEMKEIQERQRDK
  40.5    1832.6936             0.2918    SVLYQYQTHSKR
  40.3    1832.8370             0.1485    AEWIFGGVKYQYGGNQ
  40.3    1832.8791             0.1063    ANIYKNKKSHEQLSA
  40.2    1832.9631             0.0223    ANLKYNQQLEKKKNA
  40.2    1832.9631             0.0223    ANLKYNQQLEKKKNA

#### Conclusion

The first example of peptides and proteins observed directly from tissue producing multiply charged ions is reported. The ability to use high performance API mass spectrometers for analyses provides isotopic resolution and accurate mass measurement even for proteins ([@B44]). The multiply charged ions are demonstrated to allow ETD fragmentation of ions desorbed directly from tissue for improved compound identification ([@B45]). Myelin basic protein N-terminal fragment peptide was identified from a single ETD acquisition directly from tissue. Fragmentation by advanced techniques such as ETD is not applicable using MALDI tissue imaging because of the low charge states of the ions produced. The time-of-flight mass analyzers used in vacuum MALDI, although providing mass resolution in excess of 10,000 and mass accuracies better than 20 ppm ([@B3]), are less available than API mass spectrometers and are inadequate for directly identifying or even confirming a protein structure from tissue. Initial studies aimed toward tissue imaging at AP using LSI are encouraging because of the ability to ablate small areas and to obtain multiply charged mass spectra of proteins even from a single laser shot. With the LSI approach, the advantages of MALDI in achieving reduced ablated areas from solid samples and the advantages of ESI for extending the mass range of high performance instruments to allow high mass resolution and accurate mass analysis as well as advanced fragmentation are demonstrated.
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^1^ The abbreviations used are:

APIatmospheric pressure ionizationLTQlinear trap quadrupoleETDelectron transfer dissociationAPatmospheric pressureLSIlaserspray ionizationFWHHfull width at half-height2,5-DHAP2,5-dihydroxyacetophenone2,5-DHB2,5-dihydroxybenzoic acidSAsinapinic acid.
